During meiosis, recombination ensures the allele exchange through crossovers (COs) 27 between the homologous chromosomes and, additionally, their proper segregation. CO events are 28 under a strict control but molecular mechanisms underlying CO regulation are still elusive. Some 29 advances in this field were made by structural chromosomal rearrangements that are known at 30 heterozygous state to impair COs in various organisms. In this paper, we have investigated the 31 effect that a large pericentric inversion involving chromosome 3 of Arabidopsis thaliana has on 32 male and female recombination. The inversion associated to a T-DNA dependent mutation likely 33 resulted from a side effect of the T-DNA integration. Reciprocal backcross populations, each 34 consisting of over 400 individuals, obtained from the T-DNA mutant and the wild type, both 35 crossed with Landsberg, have been analyzed at genome-wide level by 143 SNPs. We found a 36 strong suppression of COs in the rearranged region in both male and female meiosis. As expected, 37 we did not detect single COs in the inverted region consistently with the post-meiotic selection 38 operating against unbalanced gametes. Cytological analysis of chiasmata in F1 plants confirmed 39 that COs are effectively dropping in chromosome 3 pair. Indeed, CO failure within the inversion is 40 not altogether counterbalanced by CO increase in the regions outside the inversion on 41 chromosome 3. Strikingly, this CO suppression induces a significant increase of COs in 42 chromosome pairs 1, 2 and 5 in male meiosis. We conclude that these chromosomes acquire 43 additional COs thereby compensating the recombination suppression occurring in chromosome 3, 44 similarly to what has been described as interchromosomal (IC) effect in other organisms. In female 45 meiosis, IC effect is not evident. This may be related to the fact that CO number in female is close 46 to the minimum value imposed by the obligatory CO rule. 47 62 chromosome triggers the global response of the meiocyte to obtain the adequate CO number/cell 63 remains a fascinating question in sexually reproducing species. 4 65 456 457 Author Contributions 458
Author Summary 50 It is well known that chromosome structure changes in heterozygous condition influence 51 the pattern of meiotic recombination at broad scale. In natural populations, inversions are 52 recognized as the most effective force to reduce COs. In this way, adaptive allele combinations 53 which otherwise would be broken by recombination are maintained. In the present work, we 54 studied the effect on recombination of a large pericentric inversion involving Arabidopsis 55 chromosome 3. The analysis on heterozygous populations provided evidence of strong 56 recombination suppression in chromosome 3. However, the most striking aspect of this study is 57 the finding that the failure of chromosome 3 to recombine is coupled to increased CO frequencies 58 on the other chromosome pairs in male meiosis. These CO compensatory increases are strictly an 59 interchromosomal (IC) effect as was first described in Drosophila. As far as we know, it is the first 60 time IC effect has been reported in plants. Unfortunately, the molecular mechanisms underlying IC 61 effect in the other organisms are still elusive. To understand how a CO change on just one Introduction 66 Meiotic recombination is fundamental in creating genetic diversity through the shuffling 67 of alleles over generations. Recombination is initiated by the formation of DNA double-strand 68 breaks (DSBs) that are repaired, partly, as crossovers (COs), i.e., through reciprocal exchanges 69 between the homologous chromosomes. Since more DSBs are generally formed than COs, 70 alternative pathways of DSB repair occur as non-crossover (NCO), i.e. nonreciprocal exchange, and 71 inter-sister repair (IS) [1] . CO rate is suggested to be a trait under selection for lower as well as 72 upper limits [2] . Effectively, CO formation is bounded by numerous constraints. Indeed, to ensure 73 proper chromosome segregation at Meiosis I, at least one CO per homologous chromosome pair 74 (obligatory CO) has to occur while the formation of excess COs is almost always limited, possibly 75 by mechanical reasons (such as entanglement) or evolutionary pressures (putative mutagenicity of 76 COs). The complex CO control system includes CO homeostasis that maintains nearly constant CO 77 number per meiosis despite variation in DSB numbers [3] and CO interference that leads COs to be 78 along the chromosome farther apart than expected by chance [4] . The molecular mechanisms 79 underlying CO homeostasis and interference are still elusive. So far, CO homeostasis has been 80 documented in yeast [3] and mouse [5] . In the latter, the authors suggested that homeostatic 81 control operates at the different steps of meiotic recombination in a progressive manner, i.e., 82 from the formation of early recombination intermediates till CO formation after homologs have 83 fully synapsed during pachytene. In yeast, a negative feedback loop mechanism is thought to 84 impose the formation of additional DSBs until DSB number is sufficient to obtain an adequate CO 85 rate [6] . As reported recently, CO homeostasis does not seem to be prominent in maize [7] 86 suggesting that CO homeostatic control is not strong in plants. Conversely, the majority of COs is 87 subject to strong interference in plants. For Mutations in components of structures or pathways limiting COs allow to overcome the upper 90 limit of CO number typical of a given organism. For example, partial depletion of proteins of the 91 synaptonemal complex central region increases COs in C. elegans [9] . In Arabidopsis, the 92 disruption of pathways that drive DSB repair towards NCOs induces a boost in CO rate by almost 93 eight fold, apparently without any negative consequences [10] . On the other hand, the lower limit 94 of CO number, referred to as 'CO assurance', has to be respected since at least one CO per 95 bivalent is necessary to avoid abnormal disjunction at anaphase I and unbalanced gametes. In 96 natural populations, mechanisms decreasing COs (but not below the lower limit) are tolerated 97 probably because they maintain adaptive allele combinations which otherwise would be broken 98 by recombination [11] . One of these mechanisms operates through inversions, which are strong 99 suppressors of recombination across the rearranged chromosomal regions [12] . 100 Reduction/suppression of COs in inverted regions is reported in various organisms including yeast 101 [13] , C. elegans [14] , mammals [15, 16] and plants [17] [18] [19] . Inversions have been studied 102 extensively in multiple Drosophila species [20] . In particular, heterozygous inversions suppressing 103 COs there also enhance the frequency of COs on the remaining chromosome pairs in a 104 phenomenon referred to as the 'interchromosomal effect' [21] , a nomenclature that will be used 105 hereafter. 106 In this paper, we investigated the recombination rate in Arabidopsis heterozygous populations of 107 the mutant meiotic control of crossover 1 (Atmcc1). Male meiosis of Atmcc1, that was isolated 108 from an enhancer activation tagging population [22] , was previously characterized [23] . In the 109 present work, we ascertained that a pericentric inversion was associated to the Atmcc1 mutation, 110 probably as side effect of T-DNA integration. Such chromosomal rearrangements are common at 111 T-DNA integration sites [24] . By examining the effect of the inversion on CO rate in both male and 112 female meiosis, we evidenced a CO decrease in the chromosome carrying the inversion and more though genotypes and markers used in our study are only in part the same. We confirmed that 136 male recombination occurred predominantly near both telomeres whereas pericentromeric 7 137 regions were almost devoid of COs. As expected in female meiosis, the regions close to telomeres 138 showed a lower recombination with respect to male meiosis. 139 In both mutant populations, absence of recombination was strikingly evident in chromosome 3 140 (Fig 2, S1 Fig, S2 Fig, Table 1 ). We hypothesized a possible structural rearrangement to be the 141 causative factor of the recombination suppression. Evidence for the presence of such a structural 142 variation in the mutant comes from two sources. First, when constructing the genetic map ab 143 initio, chromosome 3 led to two possible orders with nearly identical likelihoods, these orders 144 differing by an inversion of the block of markers CH3-3 to CH3-23, interval that contains the 145 centromere. Second, based on the heat-map showing pairwise two-point linkage of this 146 chromosome, we see that there is a linkage much greater than expected in this chromosome 147 particularly between the markers CH3-3 and CH3-23 ( Fig 3) . These facts suggest that CHR3-3 and 148 CHR3-23 might be the closest markers to the boundaries of the pericentric inversion. Rearranged chromosome 3 leads to post-meiotic selection 151 As a proxy of the anticipated inverted region, hereafter we will assume that it is identical 152 to the segment between markers CH3-3 and CH3-23 in the control. When examining the number 153 of COs in this region, we find that the control has many cases of a single CO whereas the mutant 154 almost never has a single CO in spite of having nearly as many double COs as the control (Fig 4) . A 155 posteriori, this is expected if an inversion is present, because an odd number of COs in that region 156 produces two chromatids, each missing large genomic regions ( Fig 5) . These chromatids are 157 eliminated by post-meiotic selection. Furthermore, an even number of COs within the inversion is 158 expected to give viable products ( Fig 5) and so cases of double COs should not be much affected. 159 To sum up, a loss of genomic regions containing non-dispensable genes is expected to occur in the 160 case of a single or odd number of COs within the inversion, thereby causing unviable post-meiotic 8 161 products whereas in the cases of double or even number COs within the inversion, balanced and 162 viable products are expected ( Fig 5) . COs forming exclusively in the regions outside the inversion 163 are expected to have no effect on the viability of post-meiotic products ( Fig 5) . By keeping this in 164 mind, we generated a working model of post-meiotic selection in Atmcc1. First, it is interesting to 165 note that we found only products where the COs were in just one of the three regions: (1) markers 166 CH3-1/CH3-2, (2) markers CH3-3/CH3-23, (3) markers CH3-24/CH3-27. For instance, individuals 167 carrying simultaneously COs on both terminal regions outside the inversion were not observed. 168 We have thus implemented this constraint into our model in addition to the constraint on having 169 an even number of COs in the inversion. We take as unknown the pairing probabilities of the three 
CO numbers reveal interchromosomal effect (IC)
10 208 1, 2, 5 associated with recombination suppression in chromosome 3 is a signature of the IC effect. 209 The difference in behavior between male and female meioses may be related to the fact that 210 numbers of COs in female are close to the minimum value imposed by the obligatory CO rule, 211 reducing the IC effect. This hypothesis is consistent with the fact that genetic lengths in Fmut tend 212 to be higher than in Fctr when chromosomes 1, 2, and 5 are pooled, although this effect is not To understand whether the additional COs could be associated to a change in the interference we 222 measured the interference strength by fitting the segregation data to the so-called Two-Pathway 223 Gamma model using the CODA software [29] . As for the recombination rates, we restricted the 224 analysis to chromosomes 1, 2, and 5. As can be seen from S1 Table, there is a trend whereby the 225 mutants generally have lower interference strength than the controls. However, the low number In this study, we have shown in Arabidopsis that the failure of a single chromosome pair to 232 recombine in meiosis, following changes in its structure, has far reaching effects on the other 233 chromosome pairs. In our case, the structural rearrangement is a large pericentric inversion 234 involving chromosome 3. The inversion is associated to Atmcc1 mutation previously characterized [20] and similar observations were reported in other organisms [34, 35] . Regarding telomeres, in 281 budding yeast the 20 kbp region adjacent to telomeres exhibits a significant lower recombination 282 rate [36] . In Arabidopsis, the telomeres are estimated to be 2-5 Kbp in length [37] but 283 recombination data in these chromosomal domains are not available due to low resolution means 284 of detecting recombination events in plants. 285 Perhaps the most striking aspect of this study is the finding that the failure of chromosome 3 to 286 recombine is coupled to increased CO frequencies on the other chromosome pairs. Furthermore, 287 we saw that this increase is associated with lower interference, although our limited data did not 288 lead to a statistically significant difference. A posteriori, such a lower interference can be justified 289 as the mechanism regulating CO number. Indeed, when going from DSB to COs, interference is 290 commonly considered to be a way to ensure the presence of at least one CO while at the same 291 time limiting the total number of COs. Reducing CO interference is then expected to lead to 292 additional COs. Clearly, the enhancement in CO number on the other chromosomes (1, 2 and 5) 293 can be thought of a compensation for the CO suppression existing on chromosome 3. This Recombinant population construction 327 Ler was crossed with C24 and Atmcc1 to obtain two F1 progenies. About 50 F1 hybrids 328 were backcrossed with Ler using F1 plants either as the male or as the female parent to obtain 329 four BC1 populations (Fig 1) . For each BC1 population, about 700 seeds were sown in vitro. 330 Subsequently, after two weeks, 430 seedlings transferred in pots were grown in the controlled 331 growth chambers for three weeks.
333
Genomic DNA extraction 334 DNA extraction was performed as described by Giraut and colleagues [27] with some 335 modifications. Two hundred mg of green tissue from each BC1 plant was collected, freeze-dried, 336 lyophilized and ground in 96 well plates closing hermetically the wells with plastic caps. One ml of 337 Extraction Buffer (Tris pH 8 0.1 M, EDTA 50 mM, NaCl 0.5 M, SDS 1.25%, PVP 40000 1%, Sodium 338 Bisulfite 1%, pre-warmed at 65°C) was then added to each well and the plates were incubated at 339 65°C for 30 min. Three hundred ml of cold 60% KAc 3 M, 11.5% glacial acetic acid was added to 340 each well. The plate was sealed with a Thermowell film (Corning), shaken gently and placed on ice 341 for 5 min. After centrifugation in a A-4-62 rotor (Eppendorf) at 3.220 g for 10 min at 4°C, 800 ml of 342 the supernatant was transferred to a clean DeepWell plate and 1 mL of CGE buffer (1/ 3 Guanidine 343 hydrochloride 7.8 M, 2/3 ethanol 96%) was added per well. 600 mL of the mixture was filtered 344 with a Whatman Unifilter 800 GF/B plate placed on Deep Well plate (Greiner Bio-One) and 345 centrifuged for 2 min at 5.806 g in a Nr 09100F rotor (Sigma) at room temperature. The flow-346 through was discarded. This step was repeated twice. The membrane was washed twice by adding 347 500 ml of Washing buffer (37% Aqueous solution, 63% ethanol 96%) (Aqueous solution: KAc 160 348 mM, Tris HCl pH 8 22.5 mM, EDTA 0.1 mM) and then centrifuged for 2 min at 5.806 g at room 16 349 temperature. The DNA was eluted with 70 ml of H 2 O by centrifugation for 2 min at 363 g at room 350 temperature. This step was repeated twice. RNAse A was added to 0.5 mg/ml and the DNA 351 concentration was determined using the Quant-iT dsDNA BR assay Kit (Invitrogen) with an ABI 352 7900HT real-time PCR system (Applied Biosystems, MA, USA). 
Construction of Genetic Maps, Marey Maps and Linkage Heat Maps
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The order of the markers was taken from the Weigel database [25, 26] for Ler. 384 Nevertheless, for sake of completeness, we also determined it ab initio based on genetic linkage 385 only. In the case of chromosome 3 in crosses involving the mutant, we found that the ab initio 386 orders were ambiguous, reflecting the presence of the inversion. In contrast, for all other 387 chromosomes, the ab initio orders were unambiguous and identical to the ones in the reference 388 genome. For each BC1 population, genetic lengths between adjacent markers were calculated 389 using Kosambi's function. Based on these genetic maps we computed the associated Marey maps. 
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